Electromagnetic surface modes in a magnetized quantum electron-hole plasma 



O 

(N 

u _ 
Ph. 

< 



Oh' 
I 



C/2 • 

o ■ 

^ ■ 

Oh- 



> 
(N 

o 



X 



A. P. Misra^'B 

^Department of Physics, Umed University, SE-901 81 Umed, Sweden 
(Dated: 13 April 2011) 

The propagation of surface electromagnetic waves along a uniform magnetic field is studied in 
a quantum electron-hole semiconductor plasma. A new forward propagating mode, not reported 
before, is found by the effect of quantum tunnehng, which otherwise does not exist. In the classical 
hmit {h — i- 0) one of the low-frequency modes is found similar to an experimentally observed one 
in n-type InSb at room temperature. The surface modes are shown to be significantly modified in 
the case of high-conductivity semiconductor plasmas where electrons and holes may be degenerate. 
The effects of the external magnetic field and the quantum tunneling on the surface wave modes are 
discussed. 
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The propagation of surface electromagnetic waves 
along an external magnetic field in conducting solids 
has been a topic of important research over the last 
forty years. In fact, there was excellent agreement be- 
tween the theoretical predictions based on simple models 
and the experimental observations. In 1972, Baibakov 
and Datsko [l[ had experimentally observed a new low- 
frequency surface wave mode along a constant magnetic 
field in electron-hole (c-h) plasmas in n-InSb samples at 
room temperature. This new surface mode was, however, 
theoretically explained by Flahive and Quinn Q and 
later by Uberoi and Rao [3!] with the predictions of addi- 
tional surface modes. In contrast to a single-component 
plasma, two additional characteristic frequencies, namely 
the plasma and the cyclotron frequencies of holes exist in 
e-h plasmas. Thus, new types of excitations may result 
into the propagation of surface waves with new interest- 
ing behaviors. 

On the other hand, even though the particle number 
density in semiconductors is lower than that in metals, 
the high-degree of miniaturization of today's electronic 
components opens up the possibility that the thermal 
dc Broglic wavelength of charge particles may be com- 
parable to or even larger than the spatial variation of 
the doping profiles. Thus, one could expect the typical 
quantum mechanical effects, such as tunneling to play 
important roles in electronic devices to be constructed in 
near future. A recent review of quantum collective phe- 
nomena and typical quantum effects on wave-particle and 
wave- wave interactions can be found in the literature Q . 
Furthermore, in the recent years there has been a con- 
siderable interest in the investigation of various surface 
wave modes in classical (see, e.g. Refsja4l3) as well as 
in quantum plasmas (see, e.g. Refs. [13l4l7l |). However, 
most of these studies until now have been restricted to 
single-component magnetized or unmagnetized quantum 
plasmas. 



In this paper, we investigate the propagation of elec- 
tromagnetic surface waves at the e-h plasma- vacuum in- 
terface parallel to an applied magnetic field. We con- 
sider the quantum tunneling effect to be associated with 
the Bohm potential which provides a dispersion due to 
particle's wave- like nature [J]. In addition to a surface 
mode, which in the nonretarded limit (k 3> co) is given by 

Lu w ^1 + kj \J\ + /j^ + Xjrai^ (in nondimensional 

form), where k (w) is the wave number (frequency), m 
is the electron to hole mass ratio and 8 is the ratio of 
the hole to electron number densities, we find other sur- 
face modes with frequencies below the hole-cyclotron fre- 
quency as well as between hole and electron-cyclotron 
frequencies. Furthermore, a new quantum surface mode 
is found to exist as a forward propagating wave by the 
quantum tunneling effect. In the classical limit, ?i — > 0, 
one of the low-frequency modes is found to have similar 

aopcrty with the experimentally observed wave in Rcf. 

We consider a Cartesian geometry where the plane x = 
separates the half-space a; > filled by a quantum 
plasma consisting of electrons and holes (to be denoted 
respectively by a = e and h) and vacuum (x < 0). We 
also assume that the electron and hole densities are, in 
general, not equal [isf . In a uniform magnetic field Bp = 
Bqz, the dynamics of electrons and holes are governed by 



dtUa + V • Va = 0, 



(1) 



(9v 

m-^ = - (E+CJc/jVe X z) - KVrie + — VV^Tle, (2) 

— — = E + Wc/iV^ X z - 0-K Vn/i H — \/\/-nh, (3) 

ot 4 

whereas the electromagnetic wave fields are described by 
the following Maxwcll-Poisson equations. 
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V X E = ~dtB, 

V X B = V,, - vJS + dtE, 

V - B = 0, 

V • E = n/i - Ue/S, 



(4) 
(5) 
(6) 
(7) 
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where the number density Ua and the velocity for a- 
species particle are normalized respectively by the equi- 
librium val ue and Cg. Here Cg may be defined as ci- 
ther Cs = y/ kBTe/nih for moderate densities (using, e.g., 
an isothermal equation of state) or Cs = ^2kBTpf,/rnh 
for relatively dense medium (where electrons and holes 
are degenerate and Fermi-Dirac pressure law pertain- 
ing to a three-dimensional zcro-tcmpcrature Fermi gas 
is applicable) in which Tpa {To) is the Fermi (thermody- 
namical) temperature of electrons or holes with ks de- 
noting the Boltzmann constant. The electric and the 
magnetic fields E and B are respectively normalized by 
nihCsLOph/e and mhCsUJph/ ^/eojloe. Moreover, the space 
and the time variables are normalized by Cs/ujph and 
Ldpil respectively. Also, LUpa = ■\/'^aoe^/eo'7ict is the 
plasma frequency, uJca = e-BQ/niaUiph is the normal- 
ized cyclotron frequency, m = me/mh is the electron 
to hole mass ratio and 5 = Uho/neo- Furthermore, the 
quantum coupling parameter H appearing in Eqs. ([2|) 
and ^ may be defined as H = y/Shajpe/ksTe for clas- 
sical thermal spread or H ~ y/Sfkijpe/2kBTFe for de- 
generate dense plasmas. In the latter case, which may 
be relevant for high-conductivity semiconductor plas- 
mas, the temperature ratio will be related to the den- 
sity ratio according to tr = Tph/Tpe = S'^^^/m, where 

ksTpa = ft^(37r2)2/3„^/^/2ma and h = h/2TT is the re- 
duced Plank's constant. Thus, k = 1 corresponds to clas- 
sical thermodynamical temperature or moderate density 
where a = Th/T^ and k = 1/3 that for the Fermi pres- 
sure or relatively the dense medium in which electrons 
and holes are degenerate. 

In what follows, we will find solutions that represent 
the surface waves propagating along the interface x = 0. 
To this end, we assume that the electromagnetic fields 
and the perturbed densities associated with the surface 
wave with the wave number k and the frequency a; (< 
Wp/i) vary as ^(z, y,t) = ^/ (x) cxp(iky — iujt). Thus, we 
obtain from Eqs. (HI)-® and ([7]) the wave equations for 
the density perturbations as 



d^Ha 



llrio 



0, 



(8) 



where 



7a 



{eh + Ve + 1/5) (fc'/3i +vh + l)- 1/5 

3fc2/5i/32 + {l^e + ^io) Pi + {l^h + 1) /32 



-I 1/2 



(9) 

with Pi = an + mH^k^/A, P2 = n + H^k^/A, = 
m(w^g - w^), Vh = w^/i ^ ^'^ ^ Me = l/<5 and \Xh = 5. In 
obtaining Eq. (|8]), the very slow nonlocal variations are 
neglected, i.e., 9V^^ k-"^ [d^ j dx'^) < d'^/dx'^ < e. In 
this approximation [l5| , the existence of some partic- 
ular modes, e.g., degenerate or singular waves [13], not 
of current interest, is disregarded. Next, the equation for 
the magnetic field is 




FIG. 1. (Color online) The dispersion relation (|20[l in non- 
dimensional form is contour plotted to show different surface 
wave modes in the k — lj plane (The case of non-degenerate 
plasmas). The modes labeled A's, B's, Cs are for H — 
and those with labels Q's are for nonzero H. The labels [Al, 
Bl, CI, Ql; the thin (red) lines] and [A2, 52, C2, Q2; the 
thick (blue) lines] indicate the surface modes corresponding to 
-Bo ~ 0.6 T and Bo — 1.6 T respectively. Other parameters 
are jn^ — O.Olmo, rrih ~ 0.4mo, Te — Th ~ 300 K, Ueo = 
1.35 X 10^^ m"^ and uho = 10^^ m"^ 



1 /2 

where ap = (l + A:^ — + l/Sm) . The solutions of 
Eqs. ([8|) and (fTO|l are then given by 



na — Aa CXp{~JaX) , X > 0, 

B = F.„ exp(Q;t,a::), x < 0, 
B = Fp exp(— ctpx), a; > 0, 



(11) 
(12) 

(13) 



where ay = Vfc^ — is the decay variable of the wave 
into vacuum and Aa, Fy^p are arbitrary constants. Us- 
ing the Maxwell equations (H])-®, the solutions for the 
electric field can be obtained as 

E =R„ exp(at,a;), x<0, (14) 
E =Rpe-'^^ 

+ Ca^aAa(-7„i-hifcy)e-^°^, x>0, (15) 

a— e,/i 

where 'Rv,p are arbitrary constants with (e.h — Tl and 

, .2 , ,2 1 1/2 
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A. = 



1 



A, 



X [1/5(72.^2)] 
1 



-7- {lh~k ) 



X [1/(7,^-7^)] 



, (16) 



(17) 



(18) 



a?B 



0, 



(10) 



Surface waves are those solutions for which the wave 
number normal to the surface has negative imaginary 



k 
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FIG. 2. (Color online) The same as in Fig. 1, but for the 
effect of density variation. The modes labeled A's, B's, C's 
are for H = and those with labels Q's are for nonzero H. 
The labels [Al, Bl, CI, Ql; the thin (red) lines] and [A2, 
B2, C2, Q2; the thick (blue) lines] indicate the surface modes 
corresponding to the densities Tieo = 4 x 10^^ m"'', n^o ~ 
2 X 10^^ m"^ and rieo = 1.35 x 10^^ m-^ Uho = 10^^ m'^* 
respectively. Other parameters are the same as for the thick 
(blue) lines in Fig. 1. 



part, leading to an exponential decay away from the sur- 
face. Thus, in the above solutions pT|) - P^ we have re- 
tained only those parts in both the regions which expo- 
nentially decay away from the interface. Next, we use the 
boundary conditions, namely (i) the tangential compo- 
nent of E and B are continuous at x = 0, (ii) the normal 
component of the displacement vector is continuous at 
X = 0, (iii) velocity components (along x axis) vanish for 
both electrons and holes (hot species), i.e. v^x = 'Vhx = 
at a; = 0. Thus, we obtain a system of linear homoge- 
neous equations which has nontrivial solutions only if the 
determinant of the resulting system vanishes. This leads 
to the following dispersion relation. 



[w^Q!^ -I- (cj^ - l) ap] 
-f (2^2 - l)a„ + 



[uj^-fe - (t^^ - l) ap] Ae 



<S(7? - 7^)(/32 - H^l'jA) 
- (cj2 _ 1) ap] Ah 



= 0, (19) 



where 

Ae = 1- 

A,, = 1 



4 ' 



(20) 
(21) 



We note that the surface waves occur only if A: > a;. The 
first factor of the dispersion equation gives ordinary 
surface mode (as mentioned in the introduction) indepen- 
dent of the magnetic field and the quantum correction 
term, which decays with the wave number k. However, it 
approaches a constant value uj « 0.7 in the limit /c 3> 
In order to analyze numerically the dispersion relation 



FIG. 3. (Color online) The dispersion relation (|20[l in non- 
dimensional form is contour plotted to show different sur- 
face wave modes in the k — u plane (The case of degener- 
ate dense plasmas). The effects of the variations of both the 
magnetic field and the particle number density are shown. 
One low-frequency (< uich) mode appears (not labeled) whose 
slope increases with the magnetic field and decreases with the 
density enhancement. The lines labeled Ql and Q2 are the 
quantum surface modes corresponding to -Bo ~ 0.6 T and 
Bo = 3 T respectively with fixed me = 0.02mo, ruh ~ 0.4mo, 
rieo = 2 X 10^'^ m"^ and nno = 10^*^ m"^. The quantum 
mode (labeled Q3) is for Bo = 0.6 T, n^o = 3 x 10^^ m"^, 
nie = 0.02mo and = 0.4mo. 



(PO)) . we consider two different density regimes relevant 
for non-degenerate and degenerate plasmas. We con- 
sider the fixed parameters rUe = O.Olmo, rrih ~ 0.4too, 
Te = Th ^ 300 K, where mg is the free electron mass. 
For non-degenerate particles (Figs. 1 and 2), we use the 
densities nao ^ 10^^ m"-^ as in Refs. [J, [Ij and for de- 
generate electrons and holes we consider Uao ^ 10^^ m~'^ 
(Fig. 3). In the latter, the thermal de Broglie wavelength 
As is greater than the average inter-particle distance, i.e. 
n-ao^% ^ 17 > 1, and so quantum effect is no longer neg- 
ligible. Thus, the typical quantum mechanical effects, 
e.g. tunneling will certainly play an important role in 
the modification and/ or generation of a new dispersive 
surface mode. Notice that the quantum modified modes 
may not appear in the present case as we have disre- 
garded the very slow nonlocal variations [13, [3 ; rather 
appears a new mode by the quantum force, which other- 
wise (i.e. in the limit /i — >■ 0) does not exist. 

In Figs. 1-3, the lines with labels ^'s, B's and C's cor- 
respond to the classical (H = 0) surface modes whereas 
those with labels Q's are due to quantum tunneling ef- 
fects. We find that there appear three different modes 
for H = whose frequencies lie in the regimes: ujch < 
u! < LUce, ^ch < w ~ wi < LOce and < w < Wch, whcrc Wi 
depends on the parameters to be chosen. In the latter, 
the low-frequency mode labeled A\ or A2 has the simi- 
lar behaviors as experimentally observed in Ref. [l|. Its 
slope increases with increasing the strength of the mag- 
netic field and the wave phase speed tends to zero at 
a nonzero k = ki, i.e. the existence of surface wave at 
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< fci is not possible. This particular mode was theoret- 
ically explained by Flahive et al [ll and later by Uberoi 
et al 0, however, there was no quantitative verification 
due to lack of experimental data in Ref. In Fig. 1, 
the surface modes corresponding to the magnetic field 
-Bo = 1-6 T appear as thick solid lines, and the thin lines 
arc due to Bq = 0.6 T. From Fig. 1, we also find that as 
the magnetic field strength increases, the forward propa- 
gating quantum surface mode labeled Ql or Q2 appears 
at higher values of k and the frequency domain in which it 
appears reduces. In contrast to Fig. 1, Fig. 2 shows that 
the slopes of the classical modes decrease with increasing 
the electron to hole density ratio or corresponding to a 
higher density regime (< 10^"* m^"^). Also, the quantum 
mode appears in a larger frequency domain with smaller 
wave numbers. 

Next, we consider the case in which electrons and 
holes are degenerate. This may be relevant for high- 
conductivity semiconductors where the particle number 
density may exceed, e.g. 10^"* m"'^. In this case, the pres- 
sures of degenerate electrons and holes can be described 
by the Fermi-Dirac pressure law. Thus, we consider the 
parameters rUe ~ 0.02too: i^h ~ 0.4mo, the densities 
Uao ~ 10^^ m""^ and the magnetic field i?o ~ 1 T. We sec 
from Fig. 3 that one low-frequency mode appears which 
approaches a constant value (< ujch) at higher values of 
k. Note that the classical mode can not be recovered in 
this case for H = as the denominator of H will now 
be the Fermi energy. Furthermore, iJ — >■ corresponds 
to extremely dense regimes which might not be relevant 
for semiconductor plasmas. For the quantum modes (la- 
beled Ql, Q2 and QS), there exists a critical value of the 
wave frequency below which the phase speed increases 
with increasing the magnetic field and above which it 
remains unchanged (lines labeled Ql and Q2). In con- 
trast to Fig. 2 (the case of non-degenerate particles), the 
enhancement of the electron density (keeping other pa- 



rameters fixed) shows that the quantum mode appears 
in a smaller frequency domain at higher values of K. 

To summarize, a new quantum surface mode at a 
plasma-vacuum interface is shown to appear by the in- 
clusion of quantum mechanical (tunneling) effect in a 
magnetized electron-hole semiconductor plasma. Recent 
technological progress in the creation of smaller scales 
of plasma oscillations in electronic devices indicate that 
the thermal de Broglie wavelength can even be larger 
than the inter-particle distance of the charge carriers, 
and so quantum mechanical effects (tunneling) may no 
longer be neglected. We note that such surface mode due 
to quantum tunneling appears as a forward propagating 
wave upto a certain frequency below the hole plasma fre- 
quency. Furthermore, the phase speed of these waves 
strongly depends on the external magnetic field and the 
electron-hole concentration in the plasma. Apart from 
that several other low-frequency modes also appear in the 
limit h ^ 0, one of which has similar behaviors with that 
experimentally observed mode in n-InSb at room temper- 
ature On the other hand, when quantum statistical 
effects are taken into consideration along with the quan- 
tum tunneling, specifically for high-conductivity semi- 
conductors where electrons and holes are rather dense 
and may be degenerate, the quantum surface wave prop- 
agates in a different way in contrast to non-degenerate 
plasmas. The results may be useful for understanding 
the dispersion properties of new quantum surface waves 
in semiconductor plasmas, which can be observed exper- 
imentally in near future. 
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